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ABSTRACT

The logarithmic oxidaticn equation y = k_ fb ('2,-_+ 1) 1s derived

T

<

!

‘

assuming control of the rate by electron flow from metal to oxide. Electron

E flov during oxidation, in turn, is a function of a changing less positive

or a more negative space charge in the oxide extending wp to several |
thousand angstrom units from the metal surface, where increasing numbers :

of trapped electrons at lattice defect sites account for the changing : )
space charge. The space charge is composed of two parts: (1) a uniform Lo
‘i charge density layer next to the metal and (2) & diffuse charge demsity

layer beyond the uniform layer. Oxidation follows the logarithmic equation
during formation of both space charge layers, but not afterward, with a

i

higher oxidation rate accompanying formation of the diffuse layer. It 1is
shown that under some circumstances the particular distribution of negative |
charge in the diffuse layer may lead to the cubic oxidation equation.

Experimental conditions, especially impurities present in the oxide and its

heat treatment, probably determine vhich electric charge distribution is

favored. For oxidation beyond the space charge layer, either the linear
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equation is obeyed, with control of the rate still focussed at the metal-

oxide interface, or, more frequen*ly, the parabolic equation is obeyed
'with control centered in diffusion and migration processes in the oxids,
in accord with Wagner's theory.

From oxidation data for copper, the density of trapped elsctrons
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in the uniform charge density Cuz0 layer at 150° is calculated to be 1.3 x
1017 vhich decreases to 6 x 10%° at 250°C. The number of available sites

for trapped electrons in the diffuse layer is calculated correspondingly to

14 12

and 2.6 x 10 reapectively The thickness of the uniform

?rge density layer varies from 3%0 A at 150° to 1650 A at 250°C.
* The Rideal-Jones empirical relation AE = § - 3. 6 vhere AE is the

activation energy for oxidation and @ the metal work function, both in

electron volts, and which has been shown to hold for carbon, tungsten and
platinum 18 shown herewith to apply to nickel, tantalum and titanium, and
more approximately to copper and iron.
from the same fundamentel assumptions used in deriving the logarithmic

. oxidation- squation.
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This relation is derived theoretically
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Herbert H. Unhlig ‘
Qomcion Igborn.tory, Department of Metallurgy
Massachusetts Institute of Technology, Cambridge, Massschusetts

Whenever the oxidation rate of a metal is controlled by diffusion of

ions (or lattice vacancies) and by migration of electrons (or positive holss)

through the oxide film, the familiar parsbolic equation applies:

YR kst 4 C @
where y is the thickness of the film, t is time, and k; and C are crustants.
(C may sometimes be sero.) Wn@er(l) established the fundamental reaction

e, Vagner, 2. physik. Chem., 2B, 25 (1933); 328, W47 (1936); hoB, 455 (1938).

kinetics for this oquﬁ.t:lon and was able to calculate the rate constant k,
and its dependence on cxygen partial pressure, from independent physiocal
chemical properties of oxide and metal.
However, oxidation in the lower temperature range or when thin films
are formed is found to follow the so-called logarithmic equation:
4 1%
y-xoﬁ:'(;u-) (2)
vhere k and 9 are coustants. For t)) ¥, this equation is approximated
by :
y-koﬁt-koﬁl? , . (3)
4
and y becowes linesar plotted with logarithm of t.
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and KBster(a) on empirical grounds, its validity was queluoned». . However,

{2)g, Temann and W. Kdster, Z. Anorg. Allg. Chem., 123, 196 (1922).

careful measurements since then have established beyond: doubt that for
oxidation of many metals under specific conditions of temperasture and time,
this equation and no other describes the facts. The logarithmic equation,
for example, has been shown to apply to oxidation of 'copper(a'5"_"f5’6),

(3)3, Lustmen and R. Mehl, Trens. ATME, 143, 246 (1g41).
(4)4, . Wite and L. Germer, Trans. Electrochem. Soc., .81, 305 (1942).
(5)4, H. Wl1g and A. Bremner, Acta Metallurgice, 3, 108 {1955).

'(G)R,. Tylecote, J. Inst. Metals, 78, 327 (1950). °

zinc(a’T), cadmd.um(e), lead(a), ,tin(a), ma.nsanese(a), im(a,é,g,m,n), .

C'M. Vernon, B. Akeroyd and E. Stroud, J. Inst. Metals, 65, 301.(1939).
(B)B. Lustmen, Trans. Electrochem. Soc., 81, 359 (1942).
(9)4, winterbottom, J. Iron and Steel Inst., 165, 9 (1950).

(1°)wg..- v'ex)-non, E. Calnan, C. Clevs and T. Nuree, Proc. Royal Soc., 216A, 375
1953).

(u)n. Davies, U. Evans and J. Agar, Proc. Royal Boc., 225A, k43 (1954).

nicke1(2:12,13), uﬁminumb'll‘), t1tantun(1%), and tantarum(1$),

U125, H. tnlig and J. J. Plckett, unpublished data,
(3)y, scneuvie, 2. Prysix., 135, 125 (1953).

(14),, Steinheil, Ann. Physik., 19, 455 (1534).
(15)7, Vaber, G. Sturdy and E. Wise, JACS, I5, 2269 (1953).

(16)‘3. Weber, G. Sturdy, E. Wise and C. Tipton, J. Electrocham. Soc., 99, 121 (1952).
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Several attempts have been made to describe a mechanism of diffusion through
oxides resulting in the logarithmic equation, such as by assumed specialized
flav-paths or zones of loose structure in oxidel(ln s Or by diffusion blocks

(T)y, R. Evems, Trans. Electrochem. Soc., 83, 335 (1943).

and ‘leakage paths in the butide(n'le), or by an auumd ion concentration

1)y, m, Evaus, Nature, 157, 732 (1946).

gradient or polarization(19)*. Mott(2°) contributed an analysis of

m’ﬁ. Miley, Trans. Elec'i'.ro;;hem. Boc., %_, 391 (1942)..

5 (1982).
(20)y. Mott, Trans. Faraday Soc., 35, 1175 (1939).

°c Mlton Gnd'ﬂ- mley, Ib'id, %

*Vernon, Calnan, Clews and Nurse(10) believe that the logarithmic equation,
as found to apply to thin film oxidation of iron, expresses oxygen diffu.
sion through the oxide to the metal surface, vhereas the parabolic equation,
‘vhen it applies, correspopds to diffusion of iron ions through the oxide
from metal to gas. They base their opinion on observed greater weight gain
of iron specimens when oxidized in the logarithmic rate region then corres-
ponds to oxygen in the isolated oxide film in contrast to correapondence
of weight gain and oxygen in the oxide in the parsbolic region. Their

- observations, however, can be e d by surface oxidation of carbon
contained in their iron (0.09% C), occurring parallel vith the axidation
of iron, the carbon oxidation products being retained by the iron oxides
perhapa as carbonates. For higher temperatures and thicker oxide films
vhere the parabolic equation holds, carbonates are not stable and, hence,

are not expected to be retained by the film. Oxidation of carbon also
explains the delayed appearance of interference colors vhich they report.
In this connection, the effect of carbon probably snters as a factor in
the thinning (by reduction) of oxide films on iron during vacuum treat-
ment reported by Davies, Evans and Agar(ll). ‘A pertineat reference in

this regard is the work of V. Hola'®,

&N Bown, J. Res. Nat. Bur, Stds., 89, 569 (1942).

=3-

r]
i
i
|

..
.



e .

ww W —r--"'“‘:x—“"#‘—‘?

- e

s v o

T T L

=2

w ey ey

T W XET

electronic and tonge brocesses in thin insulating oxide £ilns of stoichio-
metric composition on metals vhich led to o logarithmic equation. Ne

employed the tunnel ettcc?. of quantum mechanics to cxpinu rate of electron
flow from metal to oxide vhich he assumed controlled the axidation process.
This special model 8ccounted, however, for oxide films only in the order of

%0 A, vhereas the general logartthmtc oquaticn in practice holds for £ilms

as thick as 10,000 R, and also his derivation predicted & temperature inde-
pendent k,, contrary to vhat is observed. Bubsequently, Mott and Gcbrou(ae’ )

=y

« Mott, Trans. Farsday Boc., 43, 429 (19&7);

(23)y. caprera eod N. Mott, Reports on Prog. in Paysics, 12, 163 (1g49).

hypothesized an alternative Tate control by diffusion of mial ions rather
than escape of electrons, essuming that negatively charged oxygen ions vhen
adsorbed on the oxide surface Create an electric’ r1e1a vithin the oxide
vhich induces ;nigration of positive ioms to the oxide lurrm They showed
that under conditions where migration velooity of Positive toas 18 propor-
tional to fiela strength, a parabolic oxidation equation results, but for
thinner films for which the migreticn velocity 1is proportional to an ‘
exponential power of the field strength ana rate of escape of notal ions
into the oxide becomes eoutromngmquauonormtm)%-c-xlntu
derived (the inverse logarithaic equation). Thys a180 led to the situation
Mhere below & critical tewperature, a Limtting oxide fila thickness eouls
be expected. But the logarithmic equation (2) obewirved wperinentally aig

Campbell and m(a) expressed the opinion that initial devistions

. Compbers au U Tomas, Trans. Electrochem. Soc,, & 623 (1947).
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from the parabolic equaf.ion ot oxidation for copper are caused by a space
charge layer in the oxide. about 10 A thick as determined by electrical
capacitance. Tylecote(s) confirmed that the logarithmic equation holds for
films less than about 105‘ ;‘ thick, whereas the parabolic equation applies

to thicker films. Iater discussion in*ﬁg‘;a;r bears out that the
logarithmic equation is related to conditions applying dwims formation of

the space charge layer, and that the mechanism of oxidition changes for thicker
oxide films.

Oxidation Control at the Métal-Oxide Interface

It is perhaps obvious thét an acceptable mechanism of thin t;ilm oxida~
tion of metals should first establish the actual rate controlling process.
A detailed examination of reaction-rate data provides evidence that the
rate 1s controlled largely by processes at the metal-oxide interface rather
than by reactions at the oxide-oxygen interface, or by dfhuion ﬂ:mugh
the oxide. This evidence comes from the effect on the oxidation rate of:

(ﬂ erystal orientation, one crystal face oxidizing at a

rate appreciably different from any other crystal faceo +8,25) .

WA. Gwathmey, "Corrosion Handbook", p. 33-35, edited vy H. H. thlig,'
John Wiley and Sons, Inc., New York, 1948.

(26)

mltmn(a),and Mehl and McCandless pointed out that

(28)R, Mehl and 3. McCandless, Trans. A.I.M.E., 125, 531 (1937).

these differences cannot be ascribved to differing diffusion

rates through oxides specifically oriented on metal crystal

faces, because the oxides:of iron and copper at low tempera-
| fues are cubic, and d4ffuston Gurough cuble lattdces Ls

-9»‘




isotropic. Differing degree of sintering or differing re-
crystallization of oxide as a function of crystal face is

also not an acceptable explanation, because Mehl, McCandless

‘ | and RuinesZ7) found that oxides grown on single crystals of

(2708, Mena, 3. McCandless and F. Ruines, Nature, 134, 1009 (1934).

copper remain single crystals even after they have developed
into thick scales, precluding the possibility of any sinter-
ing or recrystallization. |
(2) lattice Transformstion
' . The activa.tionv energy for oxidation of .ir.on in COg +.
HZ0 unda:égoes a discontinuity at the transformation tempera~.

ture of iron from & (bec) to y (fec) lattice(ze). A similar

! (20)x. Pischbeck and F. Salzer, Metallwirtschart, 14, 753 (1935).

discontinuity was found for a 10.6% chromium-iren a.lloy(ag),

(5Jg. §. nlig and A. B, Brasunas, J. Electrochem. Soc., 97, k8 (1950).

héated in oxygen under conditions m!a thtn ﬂ.lumtm.
(3) gurte Temporature |
The activation energies for oxidation of' seversl
cﬁromhm-imn alloys in oxygen are higher above the Curie
temperstures then bezovt2), Mis relstion is also found
to hold for nteke2(12). Temmamn and Sieve1(*%) furthernore

WG. Tamwann and G. Siebel, Z. anorg. allg. Chem., 148, 297 (1925).

s

found discontinuities in the oxidation rates of irom-nickel

i allcys at the Curie temperatures. ALl these cbservations
i
=
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shov that magnetic transitions in metals at the Ourie m-
ture can affect the oxidation rate.

The overall evidence for control of rate at the metal-
oxide interface applies vhenever thin films are formed. For

thicker films, of course, vhere diffusion through the oxide
1s contro). ‘ng, factors of grain orientation, lattice trens-

formation arnd magnetic changs are no longer important.

' Control by Electron Emission
ubtt(u’ej): favored slow escape of metal ions from the metal into the

oxide lattice on the controlling step in several reactions producing
relatively thin films, and electron emission as controlling in insulator

type films below 40 A thick. Convincing evidence is available to shov

that actually eiectron flow from metal to oxide is f.ho slov step for several
metals, and therefore dominates the reaction process in formation of films
as thick as several thousand Angstroms. This evidence in part comes from

TR ¥ KR WG W e s

the empirical relation first proposed by Ridesl and Wensbrough-Joaes L),

(51)2, Rideal and 0. Wensbrough-Jooes, Proc. Royal Soc., 123A, 202 (1929).

They showed that for oxidation of platimum, carbon and tungsten the follow-

‘ ing relation holds: |
- &g -X ()

I where AE 1s the cbserved sctivation energy for oxidation, and §, is the work
. . function of sssmetal or carbon. The term K is s constant equal to 3.6
oo elestren volts (83 kcal), and vas expressed by Rideal and Wansbrough-Jone
- ,;ummory + fo Vhere ¢ uthe.urgotmmionmdﬁ. is the

mﬁmmmyo:mmmmm nmrm,m
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these elements, each of whose oxides ;Qt elevated temperatures is volatile,
the activation energy for oxidation is related directly to the energy
necessary to transfer an electron from metal to oxygen.

‘According to Eq. (4), metals with work function less than 3.6 electron.
volts (e.g., Na and Ca) possess an activation energy for oxidation equal to
zero (it cannot be négative), and the metal oxidizes initially as rapidly
as oxygen cbms into contact. For metals of higher work ffuncti;:an, on the
other hand, (e.g., Ni, Pt, W), the activation energy 1s positive, the reac-
tion 13'@1&!«1, and ‘m oxygen reaches the metal surface thm can react.
mﬁ means that oxygen is able to adsord (chemisorb) on the metal, for which
it has a certain affinity, remaining there a measurable time before metal
atois leave their lattice to initiate an oxide lattice. h

Tt 1s of inteav: . to note that the measured value of K in lq_ _(h)

(3.6 e.v.) approximates the electron affinity of the oxygen atom (3.4 e.v.)(’z).

my"o:d.dstion Potentials", W. M. Iatimer, second ed.i.tion, P- 18, Prentice-
Hall, Inc., Nev York, 1952.

The small difference of about 0.2 electron volt (4600 cal,) is poasibi.:y
accounted for by the sum of emergy changes associated with sdsorption and
dissociation of molecular oxygen on the metal surface. In other words, the

_slow process of oxidation of carbon, Pt and W can be interpreted as the

transformation of physically adsorbed molecular oxygen, in which ocaly veak
Van der Waals Sind.ing foml' m, to chemisorbed atomic oxygen with th:

metal acting as electron donor ind oxygen as electron acceptor. Accordingly,
equation (h) 1nd1ca.tes that both rates of phylica.l asdsorption of oxygen

on the metal -urnce u.nd volatiliution of the metal-oxygen ion complex, at
mwwnm-mwmmm,mmmww
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of oxygen. This conclusion 18 in agreement with previous expressions to the

effect that chemisorption is often (but not always) a slov process requiring
an activation omrgy(” )34 ) It also ugr«l with previous proposals that

U378, 6. Teylor, .A.C.5,, 53, 578 (1931).
(Bh)"mlenilom:l‘.ou", B. mll, Academic Press, New York, 1955.

the process of physical adsorption precedes eheninorption(”’%).

(3575, Becker and C. Bartmen, J. Phys. Chem., 57, 153 (1955)
(56)0 Barlich, J. Phys. Chem., 59, 473 (1955).

It is significact that the Ridesl-Jomes relation can be applied also
to some metals having non-volatile oxides under conditions vwhere the oxide
films are thin and the logarithmic equation is obeyed. The data are
sumarized in Table I, and provide evidence that for suqh metals oxidation
continues to be controlled by electron flow from the metal. Presumably,
the epergy gained by the electron entering the oxide is almost exactly
compensated for by the electron leaving the oxide again at the oxide-air
interface to enter the oxygen atom, now adsorbed not on the metal, but on
the oxide. The negatively charged oxygen ions eventually enter lattice
positions in the oxide in accord with the Wagner mechanism of oxidatiom
and tarnish. Therefore, AE is again given essentially by the difference
of the metal work function and the electron affinity of oxygen. From the
above considerations, Bq. (4) can be expected to hold vhenever electron
escape from the metal controls, and vhen the work function of the oxide
has approximately the same value at the metal-oxide and oxide-environment

interfaces.
The observed relation between work function and activation energy

.9.
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5 N
1 RELATION BETWEEN ACTIVATION ENERGY FOR OXIDATION
( AND WORK FUNCTION: M-‘ﬂg_-;x
) LE A X
x: Pt 2.74 e.v. 6.35 e.v.* 3.6 e.v. )
;1‘ ’ w 0. 7 o ' 3.61 .. !
o c 0.52 b.31% 3.79 ‘
‘-  N 0.9« h.w* SIS 18 .« ZRC SR l
i Ta 0.55a b, 12w 3.57 I
}l‘ ™ 0.56' 3-95** 3'59 {
t
{
b
i Whese velues emponeE Sy‘ Rideal and wansbrough-Jones are close to mean
g values given by H. Michaelson based on a reviev of the literature, with
i the exception of platinum vhere the value in Table I, employing photo-' o
3 electric data of Dubridge (1928) 15 1.06 volt higher. :
i e
i @ H. H. thlig and J. J. Pickett, unpublished data.
E 4 Reference 16.
;Q_. "o Reference 15
" ‘é N
; *(5T)K, Krisbnan and 8. Jain, Nature, 170, 759 (1952).
g
|
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clarifies vhy the rate of oxidation should vary with crystal face, since
the work function also varies with crystal r‘“(x,ho,hl). mrﬂunm'o,v

Bﬂi. Smoluchowski, Phys. Rev., 60, 661 (1941).
(‘w)no Farnsvorth and Ro Winch, HJ}'!. lbv., 2} 812 (19'.0)-

'(u)Al-o various papers on field emission microscope, e.g., B, W, Miller,
Brgeb. der Exakten Naturwiss., 2], 290-360 (19533; 3. A. Becker, Bell
8yst. Tech. J., 30, 907 (1951).

" the work function of y iron differs from that of & iron, in accord vith
change of activation energy for oxidation above and below the transition
temperature., Houdremont and Bﬂdiger(ha) reported a higher work function C

-Wx. Houdremont and 6. Rfdiger, Naturvies., 39, 399 (1952).

-

for y then for a iron, but Wanlin(*3) reported the reverse, namely, e higher

T83)g. venlin, Puys. Rev., 61, 509 (1942).

value for o than for y iron¥,.
Along the seme lines, values of work function §f for nickel above the

Curie temperature (350°C) are higher than values below the Curie u-peram(“"

(W44, cardwell, Mys. Rev., 76, 125 (1949). | }

corresponding to an cbserved activation ensrgy for oxidation of nickel in
oxygen sbovs the Curie temperature that is 1150 cslories/wols, or 0.05 e.v.
greater than the value below the Curie temperature _(12)’ Thepe correlations

et v "o
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point towvard the uportlnt part played by electron flov from the utﬂ. in
the initial oxidation process, and focus the necessity of attention on
various factors affecting elsctron ninion during oxide m\rhh

Space Charge Effects _ ’

If at equilidrium, an oxide has greater electron.affinity or higher
work ﬁmctim than the metal in contact from which it forms, the oxidn will
tend to acquire excess negative charge, and the metal, in tum, will'a.cquire
an equal positive charge, resulting in an electrical double layer. Similarly,
if the electron affinities are reversed, the oxide will lose electrous to
the metal. The amount of charge eventually transferred across the bounda.ry
in ‘either event wil; set up a field compeneating exactly for the’ ‘differegcel
in electron a.tfﬁity of the two phases. Or stated another way, when contact
is made between a metal and a uu-cOMWﬁr, all the electronic energy
levels of the semi-conductor are altered relative to those of the metal
by the amount of the contact potential difference. |

For two dissimilar metals in contact, the electric charge constituting
the double layer is confined to a very small region of atomic dimenliops at
the interface. In semi-conducting oxides, on the other hand, with filled
energy levels and relatively few electrons excited into the conduction band,
excess charge associates itself mainly at lattice imperfections, such as
occur at impurity centers or at lattice vacancies. Negative charge of this
kind exists as so-callsd bound or “trapped” ohctrono(“). Similarly,

“5)1!. Mott and R. Gurney, "Electrouic Processes in Iocuic Cryltm", pp. 80-
88, Oxford Press (19{0

' e eh Tt e UL YT T E T
Yound or trapped slectron-deficisnt sites or positive holes wﬂm b 1
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viev of the restricted nusber of sites for trapped n.hotrou or positive
holes, the space charge in oxides extends over a greater volume than in the
case of metals. Volta or contect potential measurements for oxidived copper
and sinc, as described later, indicate that the space charge may extend
into the oxide film for seversl thousand Angstroms. m ﬂu oxidation
rate, therefore, is controlled by electron flov from the metal, an
increasing negative space charge (or decreasing positive space charge)
obviously enters as an important factor in establishing the rate of
electron flow, tending in general to slow down escape .ot slectrons as the
oxide grows, and, thersfore, simultaneously slowing down esgape of metal
ions and the oxidation process itself. .
The oxidation process, of course, is not an equilibrium situstion,

but rather a dynamic building up of oxide through interaction of the metal
and oxide with molecular oxygen. The various steps in the initial process

appear to be:

(1) rapid physical sdsorption of molecular oxygen on the metal
(2) daissociation of molscular oxygen into chemisorbed stomic
oxygen

(3) sublimation of the metal-oxygen complex to initiate an oxide
lattics

. {b) veporisation of metal ioas aad electrans isto the oxide to
form additional oxide
. {$).. formation of lattice vacancies by oxygen, or cosbination of
‘ interstitial metal ions with oxygen at the oxide-air inter-
face. (We. shall not treat the relatively fev known cases
vhere oxygen Aiffuses to the metal-oxide interfacs.)

.n.
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If step 4 controls, in accord vith present considerations, the rate of
escape of ions 1is given by the expression K' expﬁ‘- » vhere W'is the heat
of sublimation of the ions from the metal into the oxide at the metal-oxide
| interface, k is Boltzmann's constant, T 1s the absolute temperaturs, and
K' is a constant. Electrons can be assumed to evaporate simultanecusly
at a rate equal to K" exp -'-Eg , vhere ¢ is the VOrk.nmction' of the metal
as moditied by the oxide in contact. When electron emission is the
slower process and therefore the c;ontrolling factor in the formation of
oxide, as has been discussed, and since the exponential terms and not X'
and K" in the above rate expressions are usually dominant, {t follows that
g in this instance must be greater than W.

This state of affairs leads to an initial positive spece charge in
the oxide vwhen a metal is first oxidized because of the 'rapid escape of
positive metal ions. Their rate of escape almost immediately is eatabliM
by the slower electron fiow from metal to oxide. As the oxide grows, a
decrease of positive space charge occurs because a portion of the electrons
escaping into the oxi&e become trapped at oxide lattice imperfections.
Eventually, the oxide may acquire an overall negative charge depending on
the final equilibrium state of electric charge.

As oxidation cbntinue; , rate of escape of ions and gr electrons.
approach each other, and some factor other than electron flow assumes
control of the rate, pe.rticula.rly after the oxide grows to a thickness
corresponding to equilibrium electric charge distridution at the metal-oxide
interface (or wﬁm the Fermi levels in metal and oxide become identical).
Thicker oxides fdrnﬁg beyond the boundaries of the space charge layer
are electrically mtnl. ‘If,'eicm of electrons and 1cus shonld continue

~
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to control the rate at this stage, as is possible, the oxidation rate would
become constant, leading to the so-called linear emt;on, (y = ket + c3).
But the constant oxidation rate in this instance would be preceded by an

initially more rapid and gradually decreasing rate. Oulbransen and Vysoag*6)

803, ouibrensen and ¥. Wyscng, J. Puys. Chem., 51, 1087 (1947).

found aluainum to behave somevhat along these lines vhich may confirm that
this type of cxidation control is sometimes found. Aluminum when oxidised
i1 low pressure cxygen below h50°C followed the parsbolic equation, snd
above 450°C followed the linear equation. Whether one equation or amother
is obeyed probably depends on _thc defect styusture of the oxide under the .
particular conditions of any given experimsnt. That is, factors heco-n'
iwportent vhich determine vhether sites continue to be available, as the

oxide grows, Yor trapping of electrons or positive holes, and which utlblinh
- vhether control of the rate remains at the metal-oxide interface or is

transferred 'to diffusion and conduction processes in the oxide. Also,
patterus of crack formation in the oxide may play & role in accord with the
conventional explanation of mechanism applied to the linesar squation.
Nevertheless, it is apparent that the linear equation, as described sbove,
may also hold for metals covered by a continmuous protective oxids film
fres of cracks. Buch protective filss have, in fact, been cbserved when
magnesium, vhich follows the linesr squation, oxidises mm(“'“).,

™). Lecntis and 7. Fuines, Trans. ATME, 166, 265 (1946).

("a)x.- Qulbransen, Trens. Electrochem. Soc., 87, 589 (1945).

w‘."'m Slidk Ssusteosous WO found by Lecutis and m..-‘m~m to e
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metal surface, over vhich white Mg0 forms, may be vinibie evidence of ;Ih .
space charge layer, as vell as evidence, as they ma.t, ofc moa- ’
ntoichionetric composition. - |

Evidcnce for the mnd of space charge with oxide growth is provided
by conta.ct or.Volta potontin.l numnnts of n.ta.l_l nghrsoinc oxidation
in air at elewated tesperitures. Typical potentials. of copper oxidised . in.
urataes'Candotlincsteoo’Cmgiminnga. 1 and 2. These

umment- vere made employing the vibrating condenser utbod(@'so ) A

<1 .

Umw. Zisman, Rev. Bci. Instr., 3, 367 (1932).

(50)g, &, wm1g, 5. Appliea Phys. , 22, 1399 (1951).

silver electrode as ref?nnce’ was heated electrically to the same. tempera.ture

as the copper or zinc electrodes, all of the same size (1 x 1"), the tempera-

ture of the electrodes being measured and controlled automatically by

means of emﬁeddzd thermocouples. The initial oxidation process for copper

results in a Volta potential 0.5-0.7 volt more active than silver, and for

z:l.hc about 1.5 volt more active than silver, corresponding to buildup of

s positive space charge in the metal oxides. As the metals oxidize

further, these potentials becoms first rapidly more noble (more like Ag),

indicating that the positive space charge is ining neutralized, followed

vy .Az‘.q_- rapid and prolonged trend in the moble direction. ' -
Similar conclusions may be derived from Volta pountxqi measurementd

- 16 -
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20 and LOT°C for 20 minutes at each temperature, and measured Volta potentials
of such surfaces (presumably at room temprrature rathei than at elevated
temperature as above) with respect to zinc. At lower temperatures of
oxidation and hence for the thinner films, the sign of Volta potential
corresponded to a positive space charge in the oxide, But for Nigher tedipera-
tufed and thicker oxide films the sign reversed. |

. Volta potential measurements of metals undergoing oxidation are not
eaiﬂ: reproducible, so that quantitative features of Figs. 1 and 2

should not assume great weight. Qualitetively, however, the trenmd of
effects can be reproduced from one run to the next. These measurements

are being comtimied at various temperatures and for various metals and will
be reported elsevhere. In all instances observed so far, the sign of

Volta potential after an initial period of oxidation, corresponds to decreas-
ing positive space charge or increasing negative churge. Interpretation

of Volta potential measurements as described above assumes that electric
charge at the air-oxide interface remains essentially constant, which is

a reasonable assumption for constant partial pressure of oxygen; snd that

major change of paotential is accounted for by changing electric charge in

the thin oxide films.

The potential at the metal-oxide interface set up by changing space
charge in the oxide layer alters, of course, the work necessary 'to carry
a positive ion or electron across the interface, lnd, hence, influences
their rate of escaps into the oxide. It is-thie agpwessh %o the oxidation
process that is explored next.

Calculation of Oxidation Rate
We sball consider first that excess charge in the g@roving oxide film




of total thickness y is uniformly distributed throughout the oxide volume.
This corresponds to an oxide vith upniform defect or impurity density

st vhich electrons or positive holes are bound. When a film of this kind
reaches a supposed thickness { we uhau mrther assume that the total
negative charge in the film crestes a field a.t the metal lurfsee compensat-
ing exactly for the positive field. The positive fielé' resulis from excess
metal ions of positive charge escaping into the oxide, or, altgmti,vﬁly,
results from the electron "sink" at lattice vacancies formed a1". the outer
oxide surface. Therefore, vhen the hypothetical film thickness becoués &
the electric field at the metal surface reaches the equilibrium value of
sero (Fermi levels in oxidc and metal are equal), corresponding to an order
ofi £ilm thickness beyond which the space charge can exert either a constant
or a negligible effect on electron escape and rate of oxide growth. If |

n is the density of trapped electxons in the oxide, and -e is the charge
on the elactron, the potential V at the metal-oxide interface is given by
Foisson's pelation:

£Y- 20 (5)

vhere € is the dielectric constant of the oxide, couﬁer!ng the tern Y
16%e the tota) oxide thickness st any given time, “Then mtogntu; (57
we hu.vo: '

%’ - ‘)'"1':32' ¥ +0C (5)
Stince the field 4V/dy equals zero at the metal surface when the asswmed -
thickness of the coustant charge density film s f, 1t follows thet - . -
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Nov the potential at the metal surface is -(¢ - v) for the condition
that the oxide film thickness y approaches zero, vhere ¢ d is the energy

required to remove an electron from the metal and place it in the oxide

at the metal-oxide interface, and v is the apparent positive potential at
the metal surface created by the groving oxide. The term v, in general,
is numerically equal to the potential difference between the metal-oxide

~ interface and the oxide-oxygen interface for metal-oxide systems in which
E ' lattice diffusion of oxygen ions toward the metal is negligible. As will
be shown later, v is approximated by the electron u.fﬁ.nity of oxygen

ullo:'oed on the oxide; it is, therefore, a constant independent of oxide

thickness and, like the work function, it is substantially independent of

tempersture. Then Cz = (@ - v).

| ' For values of y much smaller than 3, the term y2/2 can be neglected.
: Bence, rron 2q. (7), the potential affecting escape of an electron from
the metal surface in contact vith sn oxide of increasing uniform negative
space charge is spproximated by: ‘

v-2TDe gy (§-v) (8)

Rate of oxide growth dy/dt is proportional to rate of escape of
positive ions, vhich in turn is controlled by rate of electrom escape.

'Blectron current across the contact of a metal and & sewi-comducting

% oxide 18 found to follow an equation of the typeloths

) 2] Orystal Rectifiers”, H. Torrey and C. Witmer, p. 22, eo-ah MeGrav-
K | w, Bov York, 3948,
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contact with the oxide, and v' is the applied voltage across the uetal-oxide
interface. The above equation utisrac;borily describes the observation that
log i for a rectifying contact is linear vith v'! over a limited range of applied
voltage. Since in our present considerations, vt is fqund_ to be in the orde

of volts, the term exp Sy~ 1s mich grester than unity (st 1 volt, 25°C,

s v!
B " %)) sy hence, equaticn (9) rimplifies to e e
i-A'éﬁP:—‘-‘%-;T-ﬂ ' (10)

This equat;ion neglects the reverse electron current from oxide ‘to mi;«;l

and considers as importa.nt only current leaving the metal¥, A‘ainpliﬁ‘.cation
of this kind 1s justified by the high positive field at the metal surtace
vhen a metal first oxidizes and vhenever the ox:lde film is relatively thin.
Then since the rate of £ilm grovth 1s proportional to electron flow, % - B1,
vhere f is a constant, and employing Eq (8) for the actual potential -t the

ln'rm lyfor vt uahan: m

mtal surface, {.e., substituting V-
-e¢+ev-—-—{—-—lh“m2’

H-rew T _ (1)
vhere A nov rveplaces A'S. This equation implies that the effective applied
voltage v across the metal oxide surface is decreased by the accumulating
negative charge in the oxide as the oxide growvs. Integrating ou the
condition t2at vhen y = 0, t = O: '

i$ h[(kwmau\ expi-“pi—v)-)t+ﬂ (12)

_¥%q. (10) applies in theory only to electron current leaving the metal and

entering the oxide vwhen this is the direction of easy flow or forward
direction, as is the case when copper oxidizes. Oxidation of gzinc, to the
.eontrary, corresponds to electron flov in the blocking direction, but even
here current-voltage data for rectifying contacts indicate that an equation
applies of the ‘same form as (9):

voliage, but vith values of A' and § differing from corre values
for current flov in the forward direction. See Ref. 52, p.

-m-




Vhich is the seme form as the logarithmic equation cbeerved experimentally,
| yex da(E+1) (13)

-V

oo, =ty o v b o T
The above equation (12) applies only to a limited film thickness adjacent

to the metal. At the stage of oxidation vhere the existing interface

elsctric f1eld and oxide structure are no longer conducive to filling all

‘availadle sites for trapped charge in the oxide, the available sites become

culy partially occupied. Bence, the excess charge density in oxide further

removed from the metdl 1is no lopger saturated and uniform but is influenced

by the potential existing at any point in the film: - On this premise, non-

uniform charge density becomes a property of films that are thicker than

those considered sbove. The situstion is similar to the diffuse double

layer at metal surfaces in contact vith electrolytes, as described by amgv(f’3 ) ’

(5370. Gouy, J. de Fhysique, 9, 457 (1910).

Capuan’™) ana Brern!55), For oxide filme stin) wteer than the diffuse

T

,“.‘ ﬂ,. o

£27) anfp—n, Phil. Meg., 25, ¥75 (1913).

(55)0. Bhn, Z. mmm', 2’ m (192“')

i —

mrm,mmmum,mbMWcumm

neutral.
When the charge density in the oxide depends on potential V, the
mﬁgyofpouimmummauummmotmmom.y(“)

_




B . = Sl sl s
" " g

g e T L

- o y FET

can be expressed by ny exp -'% , and the corresponding density of negative

charge by np exp %—;— vhere n; and np respectively represent the Jdensity of
lattice sites at vhich positive and negative charge may attach itself. The

excess negative charge density n is the 4ifference of ‘ﬂan'ummloﬁl,' snd
uumingm = . Dym= no . ‘

eV -~ i ‘
n=n (expﬁ--exp-k-;) (1)
If the epergy eV is small compared with kT, the exponential terms can be -
expanded neglecting higher power terms than the first, wvhereupon.
2n o eV .
B w e + (15)
Bubstituting this expression for n into the Poisson equation and assuming
the potential to be zero when the field is zero, and V = C; at Y = 0, vhere

Y marks the diitanoe into the diffuse charge density layer:

R 2n e Cy
V-C;exp-%—andns %T exp:Y
o (-]

where x_ is equal to (ﬁ%k—:‘?-)é, and C; is the potential at the oxide-
" .

oxygen interface corresponding to the oxide thickness L marking a transi-
tion between uniform and diffuse charge denaity; The density of negativé
charge n obvioﬁaly falls off rapidly with distance Y into the oxide

(Fig. 3). If we now consider the potential at the metal-oxide interface
produced by the 'u_mm space charge, potential V must become more nega.tiye
vith' increased total th:[.ckness of oxide y, following an equation 1@ent1ca;
with the aboyuq except for sign of the exponent and vhere C; is mph.ced.J
by co equal to the potential at the oxide-metal interface when y = 0. If
we assume for simplicity that y = O vhen the thickness of oxide is L corres-

>

ponding to s transition from uniform to diffuse charge dsnsity, then tm |

-22-
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Bq. (8): : L e
co,-h'lrn‘ell. - (¢ < v) _ (18)
The oxidation rate as before is yioportional to the mmber of elsctrons
escaping from the metal into the cxide per unit tiss: Mokt Mg (10) sia
(16), and the relation: V = C, exp x&' , the oxilation reté is given
o :

w“ aﬁ’ﬁl , 4 uion . . WL ey f*:'*’{a‘.«‘x?*tmw‘
uo‘ oy xg e e ;w,,.d, .
Frem—pg—2> (11)

mrthemom,onfhecmditionthaty«?,theteaup!uﬁﬂw

and epproximated by 1 + ?a! " As will be shown later, n_ for eu,o st 205°C
equals k.9 x 10°2, € = 10. 5, and :5- , therefore, equals 16,000 A his
thickness 1s measured not from the metal surface, but frod the point at
vhich the oxide grows beyond wniform density of negative charge; it is
appreciably larger than values of oxide thickness y with vhich we are
presently conce:med, and on this basis expansion of ﬂn cxponontiﬂ t.i‘
is justified. Integrating on the condition that vhen ¥ = O, ¢ = 0,

x e Ce Y
y =3 (‘:%o;) 1 [(,%“; =7 e ot + 1] (18)
vhich again is of logarithmic type: ysko'ln(;. +l)mk."

%(ﬁ)mr--?i(m“f;)m%l%lm#
. J
We obtain, therefore, two logarithmic equations; the first, Bg. (12),
expressing the thickness of oxide y as a function of tise during duild wp
of space chargs having uniform charge density, and the sscond, Eq: (18),
correspooding to bulld up of oxide having diffuse space Ghdge. ThEEs
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two equations indicate that a change of oxidation rate should occur at the
trangition from the first type spsge charge to that of the second. Data in

the literature support this conclusion, discontinucus changss.-in the logarithmic
oxidation rate having been observed for several metals, including copper(a’s?s) » |
1.1'011(2"8)~ ».and linc(7). Recent data for copper were obtained for the »
temperature range 150-250°C by Macuaim'(s"). Fig. 4 1s a plot af his results

7)1, MacKairn and H. H. Unlig, unpublished dste.

at 225°C; the mtsr data at other temperatures show a similar linear rela~
tiQn between y and'log t, and an increase of the slope to a higher value
at a critical thickness of oxide. Specimens of OFHC copper measuring 1 x 1
x 3/8 inch were heated in oxygen using a resistance winding cemented to one
face. A t?:érmcouple was embedded in the metal specimen, both for measuring
temperature and regulgting it automatically. The specimen, with surface
prepared using a clean No. 4 file, was introduced into an all-glass chuber
containing floving purified Ng and the temperature brought up to the |
required vﬁlue using low voltage A.C. current. Oxygen was then admitted,
and the time of oxidation measured from this point, after which the .
lpeéimn was cooled in Np. Thickness of the Cuz0 film was determined by
cathodic reduction‘in 0.1 N KC1 employing a small constant D.C. current.
Observed values for kg k', T and T are sumarized in Teble IT,
Values of 7° were obtained by extrapolating the first slope to y = 0, and
for 7' by noting the time at which change of slope occurs. In each
instance, the observed value of ko" is consistently higher than ko' Values
of 7, ioherently subject to large experimental error, vary from 0.03 to
0.3 minyte.. averaging Q.12 migute, aud for T! vary from 6 to 14 mimutes,
-2 - |
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225° 310 1630 0.06 10 1540 .
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averaging 11 minutes. Thickness of oxide L at which a change of slope occurs
and vhich is equivalent, according to the foregoing theory, to thickness of
that portion of the barrier layer having constant charge density, increases
by & factor of 4.5 going from 150°C to 250°C. Iustman and Men1's>) oxida-
tion measurements on single crystals of coppez; scatter appreciably, but show
similarly that k' is comsistently grester than k , with values generally

of the same order of magnitude as data of Table II for overlepping tempera-
tures. tlheiz; values for T and 7' vary from 0.02 to 0.8 minute and from

8 to 80 minutes, respectively, within the temperature range 80° to 155°C.

The significance of these terms will be discussed shortly.

The Cubic Equation

It is of interest to note that if the density of negative charge n.
in the diffuse barrier layer falls off, not as described in deriving
Eq. (18), but in accord with the Boltzmann expression:

n =n_ exp ;—’% ' (19)

then upon substituting into the Poisson equation, the solution for potential
V is of the type(Sa):

B Tget. 45, p. 170.

v a2k .l.n(-xl;+1) | (20)

€xT .}
vhere as before x, = (W) » The above solution assumes that the

-
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field‘g- tends toward zero as y approaches 1nf1n1w, and V=0 ni; ¥y=0.

If instead we place the condition that at the mstal surface V = co vhen

y = 0, vhere C_ is the potentisl at the metal surface for critical Whieiess
of unifors darrter layer L, then -

Ve '2 2ET o (I.. + oxp -m) - (2)
The sign of the poteatial 1is such that V becomes more nsaatin the greater

the oxide thickness y. Substituting into Eq. (10) for electron current
from metal to oxide, vhich u proportional to mﬂ.m rsto, w obtain:

§ = A exp g or ' (22)

-C e ,
%}‘.Aexpln(f- +exp-a?!)2 (23)

-0 . -
Integrated on the condition that y = O, t = 0, we obtain’an equation of the
" cubic form:

-c e 3 30 e

(y+x exp-m) t+x ex;pzk,r (22)
x

The cubic oxidation equation has been shown to hold approximately

within certain ranges of temperature for oxidation of eqppr(ah’” 160} ,

(5Ts. Ruoain, J.A.C.8., T2, 5102 (1950).

(€0)p, mylecote, J. Inst. Metals, 81, 681 (1953).

nickel(sl), titumm(se), and tantalun(®2), Oge 1s led to the conolusicn,

(61)g, mngell, K. Eauffe and B. Ilschner, Zeit. Mlektyochem., 58, 478 (1954).

(62);, 1. Waber, J. Chem. Puysics, 20, T34 (1952).

therefore, that charge distribution in the barriar lager my follow more '

-27 -
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than a single pattem, %mnding on experimental conditions, and that the

particular pattern followed becomes apparent through the oxidation behavior .

of the metal.

A cubic rate equation has been derived by nbtt“"’"? employing the

(63)y, Mott, Trans. Faraday Soc., ﬁ, 472 (19%0).

premise that diffusion of cation vacancies is rete controlling vhere the

number of vacancies is proportional to number of negative ions per woit

surface ares and to a linear field set up by the ‘ions. Mn, Hauffe and

Ilschner(él) derived a similar equation based on migration of positive holes
and diffusion of lattice vancancies. The present derivation is based on
electron flow from the meta;l‘. as the controlling step in the oxidation process,
and, hence, differs basically from both derivations of Mott, and 61‘ Engell

et al. Further experimental work is needed, including effect of grain
orientation, of Curie temperature and of lattice tramsformation on com~-
stants of the cubic equation in order to decide vhether the rate for any
given metal is controlled by processes of diffusion and conduction in semi-
conductors, or by electron flow from .mtal t0o oxide at the stage where devip--
tions from the logarithmic equation become marked. For thicker films, vhere
the parabolic equation tekes over, it is clear through the work of mr(l)
that ion diffusion and electric' conduction processes become dominant.
Derivation of the Rideal-Jones Relation

From Eq. (11), taking the logarithm of both sides, we have:

ey drasl e @
- -Also, from the relation y = k, ln(f*-rl), we have:
et -t ) (25)
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e constant A.is essentially tmnturo 1nupemt. Since
(&%t ; mhnrtcthctm»oelnrytooﬁdium-mto.

thickuess k_ st the initial cxidation rate. It was found by Temseon asd
Kuter(%) to ve strictly tndapandant of tempersture based 02 their oxidsticn
data for s variety of mstals. Althouah 1t 1s eonoeivabh that 1" may actually .
mmmr some metals and not at all for ot.herl,
precision of present-day data, including ulml in Table II, are not mquah
to imply & conclusion different from that of Temasn's, Terefore, %— |

may be .m:unrod na;ugible or gero and:

dfokx , (22) ‘
azﬂg'*(‘g-ﬂ'*ﬁz (e}

vhere AE is the activation energy for oxidation in elegtron volts from the

Arrhenius relstion k= const exp S, § 18 the work fenction of the metal
modified by contact with the oxide, and v is a constant ,poutiva potential
in the cxide at the metal surface (spproximated by the électron affinity of
the oxygen atom). If X, -a\lxam\nrkmum orth;oub at the
metal-cuids end odh-own interfaces, mpoctinly, it Tellowe that

BB -% e (Xa - (4, R o (28)

)
By

“here §_ is the work function of the metal, f, 1s the slectron affinity
oromnad u-mu.umnwwwwmot

oxygin oo the oxide. It!;-x., . :
Baf -l +0 ) -k - (99)
uaummmm:.;muumwmm

.w.




thin, non-volatile oxides, and is the empirical expression originally proposed
for W, Pt and C vhich form volatile oxides. '

| If the work f‘unption of the oxide at the metal interface X; is less
than the work function Xz at the oxygen interface, then ,Kv will be larger

than the value calculated from Eq. (29) above. This may be the situation

for both Cu and Fe. Values of §_ -AEorofoorC;x.a.fgh.S - 0.28 = 4.3
e.v., and for Fe are b.4 - 0.30 = 4.1 e.v., vhere the activation energy for
Cu il‘ teken from MacNairn's data, end for iron from Davies, Evans and

Agarte(1t) data*. The work functions are from Michaelson'®), mese values
of K are larger than 3.6 e.v., the average value for elements listed in
Table II. When more precise data are available both for metal work functions
and for activation energies of oxidation, more definite conclusions will ‘be
possible than are now warranted. -
Ueing a derivation similar to that given above, it can also be shown

that

J o ; ' )
| dlnko C e

a7 sk ol R - (30)

¥Since the logarithmic equation applies to the oxidation of iron over the
temperature range considered, the activation energy is obtained from the

slope of log weight gain at t = constant vs % This follows from the
proportionality between thickness of oxide y and weight gain, and the fact
thatlny-!nko-o-lnh (.%-o-l). Hence, since T 1s a constant and t

: d In a eAE
is held constant, —Tld - ‘; 0 - = ore k 15 Boltumannts constant.
¥ d i
Data in Fig. 13 of Davies, Evans and Agar's paper(ll) show that essentially
the same activation energy . is calculated for various times of oxidation
(15 minutes to 8 hours) in the logarithmic range, with the exception of the.
15- and 30-minutes runs vhere experimental error is rerhaps greatest.
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3 vhere co is given by Eq. (16), and ko' is the second and steeper slope obtained

. by plotting y vs fn ¢.

DISCUSSION

- In accord vith Equations (27) and (30), plo*.bs of log ko end log k_*,
using data of Table II, vs % provide means for calculating (§ - v) and -C_,
respecﬂvely. From slopes of data so plotted in Fig. 5, these values are

0.28 e.v. gnd 0.42 e.v., respectively. Since C, = ;h—'LEIe—!-é - (¢ ~v)

(Eq. 16), we knov all terms of this equation except the product n §, for
vhich we can solve. On the basis that € = 10.5 and observed L at 225°C =

10 . € kT

« Also, from the relation ko o e~ |

[ ]
1540 A (Teble II), n = 5.3 x 1
[ ]
and employing the observed ~alue for k at 225°C equal to 310 A, we obtain
nfl=8.1x 1.0lo vhich is in reasonable agreement with the value Icalcuia.ted

from C_ and (§ - v). Ve can next calculate a value for o from the relation

. X
’ given in Eq. (18) that k ! = - (<= ), and from the observed value of k ' =
o]

; ° ¢k T
t 1630 A, vhere x, = (F,E—i:-e-,-)é . The corresponding value for n  is b9 x

1012, vhich is the density of available sites for trapped electric charge
in the diffuse space charge layer. .CIh:I.s density is equivalent to about
one lattice site for every 5 x 10° molecules of CugO.

We have next to check how density n, compares wifh dsnsity o of

trapped electrons in the uniform space charge layer. 8Since only the product
n 1 is known from experiment, an estimate of £ must be made through Eq. (7)

substituting V= -f at y = £ and Co = ~(f - v). It follows that v =

hﬂ’n:la-. Since the value of v is the same order as K (Eq. 29) or the

same order as the modified electron affinity of oxygen equal to 3.6 electron

-3 -
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volts, ve f£ind substituting 6.7 x 10°° for the average value of u f, in
accord with the foregoing calculations, that 2- 6.2 x lo'h cm, This value

for £ represents the theoretical maximum thickness of the undiform charge

-

density barrier layer (the diffuse barrier layer may be considerably thicker).
It is larger than the observed thickness of uniform barrier layer L by a
factor of about 40, and should de approximetely comparable vith the thick-
ness of thc "biocking” layer mext to the copper surface in the Cu-Cugl
reetifier. The thickness of the blocking layer is estimated fiom cepa~

ES—_—
o

citance measuremeats to be about 10"‘ 'cnm‘)‘, viick $§ sot far from the

w I e
[ A

m)kf. 45, page 178.

LA af LeeolC il _s SN o

sbove calculated value for {.

Knowing the value for i, the value for n, therefore, sguals —l}—-—:gg' 1
2 x 10
1h

or 1.08 x 107 . Accordingly, the actual density of trapped charge in the

— .y T

Cug0 layer of thickness L next to the metal appears to be larger than the

e

density (4.9 x 102) of avallsble sites for trapped charge in the diffuse
space charge layer farther away from the metal surface. '

TR

ﬁ This relative difference in density persists, although absolute
| densities increase, if correction is made for the larger absolute surface

e AT LT T

compared to the geometrical surface of a filed copper surface. Assuming

e o

i,, - & roughness factor of 3, comparable with published values of 5.8(65) and | o
.b\‘\ » 'R- m‘ lbd No mmn, J- mcm‘o Soc., m 31“ (1953)0
e —
' 2.5(66) for abraded metal surfaces, film thickness values such as those
i
;."’}J""'
Y (%0)0. Erbacher, Zeit. Paysik. Chem., 163, 215 (1933); Chemiker Zeit.,
; : 62, 601 (1938). .
By
b
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in Fig. b.vould be decreased to 1/3 the given values, and both n and n
vould {ncrease by & factor of 9, making the densities spproximately 5 x 10
and 10'%, respactively. Values of £ and L correspondingly vould be reduced
by 1/3.

Values for n, 3, and o calculated from MecNeirn's data at several
temperatures and not corrected for'roughneu factor m' given v:ln Table III..
Values of ni are averages of values obtained from cbserved k , 80d L, vith -
the exception of.250°C vhere only the value obtained from L was used, This
procedure was followed because the value for ko at 250°C falls off the line
in Fig. 5. If the value for ko were included, the corre:ponding caloulated
value for nfl is 0.9 x 10 compared with 0.5 x 10'* given in Table ITI. It
is evident that for cuprous oxide in contact with copper, n, decresses vith
temperature (fewer sites for trapped charge in the diffuse barrier layer as
the temperature increases). This is also true of n, the actual charge density
in the uniform space charge layer. Accordingly, the equilibrium:

Bound hole + free electron <5 trapped electron
is d:lsplo;ced to the left as the temperature increases. The observed increase
of 1 with tempersture parallels extension of the space charge to grect;ﬁr ‘
distances into the oxide the higher the temperature. This trend is also
reflected by increased observed thickness L for the unirorp berrier layer
(Teble II). '
Bratte.in‘sﬂ culcuhud the density of holes in Cug0 as function of

-

&7y, Brattain, Rev. Modern Physics, 23, 203 (1951).

temperature from conductivity of the oxide and mobility of carriers. Be
found that & lisiting vpper.density, equal to the density of electron

-3 -




B Err r

-

T ITEY e s e g o

e crims o e gt TR

ol met

4

S Y W s

3 ST,

H O M E T

- -mm

O'Il

‘TAMIE IIT
uamu

"y AA.‘\,,.\ o

xmwm:c

" amee
175°C
ensec
290°0

1.5 'z 1015

3.8 x 10M*
1.1x 164

“o.&- x xo"‘

1.8 x 10

£k

5.‘5 x 10
6.2 x 10
8«‘ x 10

J-L-




IR LT AR A e e e

o I 1 F

o

scceptors minus density of atteptors occupied by electrons from higher
lying donor levels, occurs in the "ra.nap;,lqo‘c or higher and that the
"limiting density is 10}5 for.«Ql'l:c copper and m.l",m-rm’ coypper. These
values are reasomably comrablewith the ca,lcuhhddanlity of charge n
or deﬁsity of defact sites for bound electrons n o in Table IXI. Eis cal-
culations, howsver, show thet the deusity of lioles ddes not decrease vith
umﬁﬁm) but instead is relatively insensitive to temperature in the
region of 100'0 oxr hid)er, and that 'belmf 100°C m deplity increases vith
temperature

_The value for A in Eq. (11). can be calculated from the relaticas follow-
ing Eq. (15), T -;-exp "(Zi'?l At 225°C, for exsuple, T = » 36
seconds, k_ = 310 A, (# - v) = 0.28 volt. Therefore, A = (0.86 x 10 6)'
853 o s, 9 x 107 en/sec. It vill be remembered that A = A'p vhere B ...
expressen the relation betwen electric current and rate of oxide growth,
and vhose value for density of Cugl = 6, is 1.23 x 10"‘ cm>/coulomb. The

&
velue for A' in Bq. (10), accordingly, equals 222210 _ . 4.8 amp./cu®.
1,23 x 10

The aversge value for A' for all temperatures of Table II is 2.2 amp./cm®,
k 4 -c e
Similarly, the average value of A! from the relation T* = T exp-;r

=C o°
averaging all values of . T*! and k 'exp-m- 1.3eq,na.l'ot.)}Snllp/em2
These two values are the same order of magnitude. These aversge values of

A', 1f corrected for a roughness factor of 3, would be 1/3 the given values.

The ratio S as derived from Eq. (12) and (18) 1s equal to the
t

expression -%- exp (-c e/kT - e(§ -~ v)/kT). The exponential factor is
o

a constant at any given temperature since -C, and (¢ - v) are constants
'
equal to 0.42 and 0,28 volt, nmotivuly At 285°C, for example, -=—

* -3 -
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exp 3.3 = 143, The observed ratio is 555 " 167 vhich is of the same
order of magnitude . The average of calculated ratios for -;‘- for all
temperatures is 153 corresponding to an observed average (Table II) of 138
showing that the agreement of theory with experiment is.good.

'The described depen&ence of oxidation rate on work functioa of the
metai and on properties of semi-conducting oxides iﬁ co-ntact, Mately
suggest several reasons for experimsntal hurdles usually eancountered in
reproducing thin-film oxidation behavior. Despite refined techniques for
metal surface preparation and gas purification, it is extremely difficult
to avoid the trace impurities which greatly affect the metal work function,
and also the number of sites available for trapped charge in oxide films.
The major mﬂl;ence of trace impurities in semi-conducting germanium and
silicon has only recently beén fully appreciated in connection with the use
of these substances for rectifiers and for transistors. Added to the marked
effect of impurities, often present in amounts delow coﬁon analytical
techniques, is the apprecisble effect of thermal treatment on the density
of lattice imperfections in semi-conductors. It is little wonder that
various investigators have reported difficulty in reproducing oxidstion
data at low temperatures; Vermon, Akeroyd and Stmud(?) reporf.;d such
aifficulties in their study of sinc, Lecatis and mines(h'”‘ in their study
of magoesiun and Brasunes and Whiig'®) in their stultes of Cr-Fe allcys.

A full appreciation of the various factors esteriang thia film MM
should help such studises in the future.
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